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We construct a new effective field theory approach to the equation of state (EoS), dubbed pseudo-
confomal model “PCM,” for nuclear and compact star matter entirely in terms of effective hadron
degrees of freedom. The possible transition at n ∼ (2 − 4)n0 (where n0 is the normal nuclear
matter density) from hadron degrees of freedom to strongly-coupled quark degrees of freedom, giving
rise to a soft-to-hard changeover in the EoS that can accommodate the massive stars observed,
is effectuated by the topology change at n1/2 ∼> 2n0 from skyrmions to half-skyrmions without
involving local order-parameter fields. The mechanism exploits possible emergence of hidden scale
and local symmetries of QCD at high density, leading to a precocious “pseudo-conformal” sound
velocity v2s = 1/3 (in unit of c = 1) for n ∼> 3n0. The resulting prediction signals a drastic departure
from standard nuclear many-body theory in the density regime involved in the massive stars. We
suggest that the tidal deformability implemented in gravitational waves coming from coalescing
neutron stars in LIGO/Virgo-type observations could pin down the location of the topology change
density n1/2.
Introduction— It has been found in a recent effort
to go in one unique effective field theory (EFT) from the
well-studied density regime of normal equilibrium nuclear
matter n0 ' 0.16 fm−3 to the more or less uncharted
density regime of compact-star matter ∼ (5− 7)n0, that
topology and certain symmetries in the strong inter-
actions, both invisible in QCD in the matter-free vac-
uum, could emerge in dense medium and play powerful
roles [1]. They enter in accounting for the possible – and
expected – change of relevant degrees of freedom from
hadrons to quarks/gluons as density goes above some
high density, denoted n1/2 > 2n0.
At low energy – and low density – topology, figuring in
the baryon structure in the large number-of-colors limit
(Nc → ∞), is “hidden” in QCD. The correspondence
between the two, topology and QCD, could be phrased
in terms of the “Cheshire Cat” principle formulated in
1980’s [2]. In this formulation, the QCD degrees of free-
dom, e.g., the MIT bag, can be smoothly traded in for
a topological soliton, i.e., the skyrmion, so as to repre-
sent hadron-quark continuity. As density increases above
n1/2, the possible hadrons-to-quarks/gluons transition is
then to be translated into a topology change. In this
smooth cross-over, two symmetries invisible in QCD in
the matter-free space, one, hidden local (gauge) symme-
try and the other, hidden scale symmetry, are argued to
intervene.
In this Letter, we take the effective field theory frame-
work constructed with those hidden ingredients suitably
incorporated in a description that involves only hadronic
variables to encompass the whole range from normal den-
sity to high density in nuclear dynamics, and make cer-
tain predictions for compact-star matter that have not
been made in “standard nuclear EFTs”1. These predic-
tions, if confirmed, would reveal the emergence of hidden
symmetries at a precocious density n ∼> 3n0.
Hidden symmetries— Hidden local symmetry
(HLS) we are concerned with is associated with the low-
lying vector mesons, particularly the ρ. In principle, one
can include the infinite towers of vector mesons as in holo-
graphic QCD. We will assume, without losing predictive
power, that we can have the high towers integrated out.
The lowest lying ω meson can be treated in the same
way as the ρ at low density, but there is a good reason
to believe that the flavor U(2) symmetry is badly broken
at density n ∼> n1/2. QCD of course has no flavor local
symmetry, so HLS is absent in the vacuum. However it is
gauge-equivalent to nonlinear sigma model at low energy
which governs low-energy hadron dynamics (e.g., chiral
Lagrangian) and can emerge dynamically [3, 4], with the
local gauge symmetry manifesting explicitly at what is
called “vector manifestation (VM) fixed point” at which
the vector meson ρ becomes massless [3].
As for scale invariance, while it is present in the QCD
Lagrangian in the absence of quark-mass terms, it is bro-
ken by the quantum effect, i.e., the trace anomaly. In the
vacuum, scale symmetry is therefore not visible. How-
ever high density could change the situation. It has been
suggested that it can appear induced by strong nuclear
correlations [1]. One can say that this is natural because
this symmetry is actually there but hidden in QCD [4, 5].
The way to see this is to use linear sigma model or equiv-
1 By standard nuclear EFT, we mean all those chiral effective field
theory approaches anchored on chiral Lagrangian (involving pi-
ons and nucleons only) and also EDF (energy density functional)
approaches including relativistic mean field treatments.
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2alently NJL model [4]. There is an intrinsic parameter
in the model that can be dialed externally, say, by tem-
perature or density. By dialing the parameter, one could
induce a continuous transition from a state described by
nonlinear sigma model to one given by a nearly scale-
invariant state. It was suggested [1] that the dialing can
be effectuated in nuclear interactions by density.
It was found in [1, 6] that with the properties described
above suitably incorporated in a nuclear effective field
theory Lagrangian, one could describe fairly well both
low and high density equations of state. The Lagrangian,
denoted bsHLS (b standing for baryons, s for scalar field
σ and HLS for hidden local fields), consists, in addition
to the degrees of freedom present in the standard chiral
effective field theory (SχEFT for short), i.e., the pseudo-
Nambu-Goldstone (pNG) bosons pi and the nucleons, of
the vector mesons brought in as hidden local fields and
the scalar σ as a pNG for spontaneously broken scale
symmetry. This Lagrangian with the “bare” parameters,
suitably matched via current correlators to QCD at a
matching scale Λ∗ appropriate for nuclear physics, and
the topology change at n1/2 implemented, when treated
in the Wilsonian renormalization-group approach using
the Vlowk (VlowkRG for short) [1], is found to give (a)
at low density near n0 a surprisingly good description
of certain low-momentum transfer properties such as the
famous – and long-standing – “quenched” gA problem in
the Gamow-Teller transitions in nuclei [6] as well as the
bulk properties of nuclear matter [1], and (b) at compact-
star density, the equation of state for massive neutron
stars [1].
Now the principal point of this paper is that the La-
grangian bsHLS, so constructed, leads – with slight re-
finements – to some strikingly new predictions on hith-
erto undiscovered structure of compact stars that have
not been found in SχEFT in the literature. We sug-
gest that those predictions represent a precursor sig-
nal for a precocious manifestation of the hidden topol-
ogy and symmetries. Here there is an uncanny anal-
ogy to what’s currently taking place in condensed matter
physics. What is also quite appealing is that the density
at which the topology change, specified below, takes place
could be pinned down once the tidal deformability seen
in recent LIGO/Virgo observations in coalescing neutron
stars [7] can be precisely determined.
Topology change and the nuclear tensor force—
Among the key ingredients that figure in giving the re-
sults of [1, 6] is the observation that when baryonic mat-
ter is described in terms of skyrmions, there is a topology
change at a density n1/2 ∼> 2.0n0 involving skyrmions
fractionalizing into half-skyrmions. We interpret this as
having the strong-coupling quark degrees of freedom as
exploited in, say, [8] in the density range ∼ (2 − 4)n0
traded in for topology as a Cheshire-Cat phenomenon.
The topology change brings out several important ef-
fects which can be summarized in two main observa-
tions [1] that constitute the basis for the predictions to
be given below.
• A: The first observation, the most crucial of all, is
that there is a cusp at n1/2 in the symmetry energy Esym
in the EoS of compact-star matter. This appears when
the skyrmion neutron matter is collective-quantized [9].
It is of leading order in Nc, hence topological and robust.
This cusp structure can be incorporated (or translated)
into the effective Lagrangian bsHLS [1]. This is done by
matching at Λ∗ the bare parameters of bsHLS to QCD
via suitable correlators as mentioned above. This match-
ing could be most effectively done at the chiral scale
Λχ ∼ 1 GeV but in practice in nuclear physics, it is
typically of the vector meson mass ∼ mρ. Inside nuclear
medium, the Lagrangian is made to track the vacuum
changes with the “intrinsic density dependence (IDD)”
encoded in the QCD condensates that are brought in by
matching to QCD. The cusp is manifested in the sym-
metry energy when the Lagrangian bsHLS is treated at
the mean field level, which corresponds to the semiclas-
sical approximation. Going beyond the mean field in the
VlowkRG smoothens the cusp. The cusp exposes the in-
tricate structure of the nuclear tensor force – with the
intrinsic density effect – which decreases as density goes
toward n1/2 and then increases past n1/2. Here the vector
manifestation (VM) of the ρ meson is found to play an in-
dispensable role in producing the cusp. It is worth point-
ing out that the decreasing strength of the tensor force
near n0 going toward n1/2 from below is confirmed beau-
tifully in the long life-time of the C14 beta decay [10]2.
What will turn out to be noteworthy below is that this
cusp, suitably smoothed by corrections to the semiclassi-
cal approximations, could play an important role in the
tidal deformability in gravitational waves.
• B: Another observation, equally important, that
is connected with the topology change, together with
emerging symmetries in dense medium, is that the sound
velocity in compact stars goes precociously to the con-
formal velocity v2s = 1/3 at densities n ∼> 3n0, an ob-
servation totally foreign to SχEFT. This behavior is due
to the fact that the topology change induces the par-
ity doubling in the nucleon structure, with the effec-
tive in-medium nucleon mass m∗N going as the dilaton
condensate [11] 〈χ〉∗ ∝ m0 where χ is the conformal
compensator field and m0 is the chirally invariant mass
figuring in the parity-doubled linear sigma model [12].3
As a consequence, the trace of the energy momentum
tensor (TEMT) θµµ in the density region n ∼> n1/2 is
given, both in the mean-field approximation and in the
VlowkRG, entirely as a function of the dilaton condensate
〈χ〉∗. That ∂〈θµµ〉/∂n = 0 leads to the sound velocity
of the star v2s = 1/3, usually associated with conformal
sound velocity in the chiral limit. One might wonder
2 A similar effect is gotten by explicit short-ranged three-body
forces. It is essentially the same mechanism as the intrinsic den-
sity effect in the two-body tensor force.
3 See [13] where the chiral invariant mass m0 is linked to the origin
of the proton mass
3whether the appearance of v2s = 1/3 so precociously at
non-asymptotic density is not in tension with current nu-
clear physics constraint and observation of 2-solar mass
neutron stars. In fact it has been suggested that “if the
conformal limit was found to hold at all densities this
would imply that nuclear physics models breakdown be-
low 2n0” [14]. What we find in this work – which is
fully consistent with the constraints mentioned above –
points to that the topology change effectively captures
the non-hadronic degrees of freedom needed for the onset
of conformal sound speed. We call the resulting object
“pseudo-conformal sound velocity” because the trace of
the energy momentum tensor is nonzero in the region
n ∼> n1/2 and the symmetry involved is an “emergent”
one [6].
That the in-medium vacuum expectation value (VeV∗)
of the TEMT 〈θµµ〉∗ in the mean field is a non-zero con-
stant of density is easy to understand since the mean
field of bsHLS corresponds to that of Fermi-liquid fixed
point. What is important is that the VeV∗ of the TEMT
can be shown to be a constant also in the full VlowkRG
calculation which goes beyond the mean field [1]. This
means higher-order correlations beyond the mean field
do not modify the pseudo-conformal structure in dense
medium. This is a crucially important ingredient in de-
veloping the pseudo-conformal model given below.
This pseudo-conformal structure was also found to
emerge in the skyrmion crystal simulation as a signal for
scale symmetry hidden in QCD [5] in the half-skyrmion
phase. This can be seen in Fig. 11 of [1].
The pseudo-conformal model— We now rephrase
the two basic observations A and B listed above in a
form that encapsulates them in a simple EoS. We do this
by replacing what is found in the VlowkRG in the den-
sity regime n ∼> n1/2 in a manifestly pseudo-conformal
form. This approach can be considered as belonging to
the class of what is referred to as “Energy Density Func-
tional (EDF)” popular in nuclear theory community, in
particular in the form of relativistic mean field theory.
What makes our approach however distinctly different
from the usual EDF approaches found in the literature
is the intrinsic density dependence inherited from QCD
and the impact of the topology change.
The arguments we develop below rely on the “master
formula” for the behavior of hadron masses in nuclear
medium established in [1],
m∗N
mN
≈ m∗σmσ ≈
gV
g∗V
m∗V
mV
≈ f∗pifpi ≈
〈χ〉∗
〈χ〉 ≡ Φ (where V = (ρ, ω)), that we assume holds up to
the central density of massive stars, i.e., ncen ≈ (5−7)n0.
The asterisk stands for the intrinsic density dependence
inherited from QCD at the matching scale and the quan-
tities without asterisk are free-space quantities. We de-
note the two regions divided at n1/2 as R(egion)-I for
n < n1/2 and R(egion-II for n ≥ n1/2.
The master scaling relation given above dictates the
density dependence of the bare parameters of the effec-
tive Lagrangian bsHLS, with which the VlowkRG is to be
performed.
First the region R-I:
Up to n0, there is only one parameter Φ. This is
because at low density g∗V /gV = 1. This follows from
that the vector meson mass accurately satisfies the KSRF
low-energy theorem m∗V = 2f
∗
pig
∗
V and in the bsHLS La-
grangian the vector meson mass scales with 〈χ〉∗. In [1],
it was shown that the VlowkRG with the density scaling
of f∗pi or equivalently Φ inferred from deeply bound pionic
systems describes very well the bulk properties of normal
nuclear matter at n0.
We assume that this one parameter EoS can be extrap-
olated via the density dependence of Φ up to the higher
topology change density n1/2 > n0.
We now turn to the region R-II.
First we would like to capture the observations made
in the Vlowk in R-II in an EoS that is manifestly pseudo-
conformal, that is, possessing a non-vanishing trace of
energy-momentum tensor which is independent of den-
sity, and exactly reproduces the VlowkRG result. In [1],
such an EoS has been found in the extremely simple form
of the energy per nucleon (minus the vacuum rest mass
of the matter written) of the forrm
E
A
= Xα
(
n
n0
)1/3
+ Y α
(
n
n0
)−1
− 939 MeV (1)
with the coefficients Xα and Y α for α = (nn−np)/(nn+
np) = (0, 1) (where nn,p are the neutron and proton den-
sities). It is easy to verify that for any values of X and
Y ,
∂
∂n
〈θµµ〉 =
∂(n)
∂n
(1− 3v2s) = 0 (2)
with v2s =
∂P (n)
∂n /
∂(n)
∂n . Since
∂(n)
∂n 6= 0 in the range
of densities involved, we immediately obtain the sound
velocity v2s = 1/3.
Now we compute the EoS in R-II using (1) with the
coefficients determined by the continuity at n = n1/2
between R-I given by [1] and R-II, (1), for the chemical
potential µ and the pressure P
µI = µII , PI = PII at n = n1/2 (3)
where the subscripts I and II represent the regions R-
I and R-II respectively. The union of the EoSs of R-I
and R-II so computed – that we call “pseudo-conformal
model (PCM)” – reproduces precisely the results of the
VlowkRG for massive stars. This verifies that the EoS
from (1) exactly captures the physics of the VlowkRG in
R-II for n1/2 = 2n0. We interpret this as saying that the
pseudo-conformality given in the extremely simple EoS
Eq. (1) embodies in R-II the physics of the full VlowkRG
that results from an intricate interplay of the observables
A and B..
Now we would like to look at the EoS for a system that
is built with the topology change at a density higher than
2n0, i.e., n1/2 > 2n0. This has to do with the informa-
tion on the tidal deformability inferred from the recent
4observation of gravitational waves coming from coalesc-
ing neutron stars [7]. It is found that the dimension-
less tidal deformability Λ – as defined by the GW170817
[7] – calculated in the VlowkRG [1] with n1/2 ' 2.0n0 is
found to be ∼ 790, close to the reported upper bound 800
for ∼ 1.4M [7]. Furthermore the more recent analysis
of the GW170817 data indicates that the bound could
be tightened to a lower value, with the presently quoted
range being between 720 and 170 [15]. This seems to
require that since Λ is sensitive to the symmetry energy
in R-I and with the cusp structure entailing the lowering
of the symmetry energy going toward n1/2 from below,
the topology change density n1/2 be increased to above
2.0n0 so as to bring Λ to a lower value. This seems fea-
sible since the global properties of massive stars given
within the model are verified to differ very little between
1.5n0 and 2.0n0 [1, 16]. Thus we expect one should be
able to bring n1/2 higher than 2.0n0, keeping unaffected
the good overall star properties obtained for n1/2 = 2n0
in [1].
To do this, we assume that the PCM as defined above
can be applied to a system with n1/2 > 2n0 without
affecting the standard star properties seriously. As a first
trial, we pick n1/2 = 2.6n0 and explore what transpires
with this value.
Massive star properties— First we look at the stan-
dard star properties given by the PCM with n1/2 =
2.6n0. By construction, the sound velocity converges to
v2s = 1/3 at n1/2 ∼> 3n0 as in the case of n1/2 = 2.0n0.
The crucial question is: Does this PCM EoS for n1/2 =
2.6n0 give correct global star properties as it did for
n1/2 = 2.0n0 reproducing exactly the VlowkRG?
The EoSs for both α = 1 and 0 are found to come out
quite close to the VlowkRG results for n1/2 = 2n0. They
are all consistent with currently available experimental
bounds. The particularly important quantity for our dis-
cussion is the symmetry energy Esym, which is plotted
in Fig. 1. It comes out consistent with the available ex-
perimental bounds, which are at present too broad to be
stringent. There is a constraint based on combined data
from neutron stars and gravitational waves given in [17],
Esym(2n0) = 46.9± 10.1 MeV, with which the predicted
value Epredsym (2n0) ' 49 MeV is consistent. However the
density probed there is in R-I, so it is not directly relevant
to the pseudo-conformal structure. What is remarkable
is that the cross-over from soft to hard in Esym – which
mimics the cusp in the skyrmion description– resembles
closely that of the full Vlowk RG result [1].
In Fig. 2 are given M vs. R and the central density of
the compact star predicted by the PCM with n1/2 = 2.6.
They are shown to indicate that the overall structure of
the star is insensitive to the density n1/2. The maxi-
mum mass comes out at Mmax = 2.02M with radius
at R = 11.86 km. The central density is found to be
ncent = 5.6n0. They are to be compared with the Vlowk
RG results of [1] (for n1/2 = 2n0): Mmax = 2.05M,
R = 12.19 km, and ncent = 5.1n0. There is very little
difference – and perhaps no difference within the approx-
FIG. 1. Esym (vs density n) predicted by the PCM (solid
line), which is consistent with the (heavy-ion) experimental
bounds quoted from B.A. Li and L.W. Chen, Phy. Rev. C72,
064611 (2005) and M.B. Tsang et al, Int. J. Mod. Phys. E
19, 1631 (2010).
imations involved – from the case of n1/2 = 2.0n0 (and
also that of n1/2 = 1.5n0 [16]).
FIG. 2. The mass vs. radius of the neutron star (left panel)
in beta equilibrium and the mass vs. the central density of
the neutron star (right panel).
These results are convincingly verifying that the
pseudo-conformal EoS correctly captures the full
VlowkRG physics. They also reinforce relative insensi-
tivity of the standard star properties to the location of
topology change n1/2.
Tidal deformability— We now turn to the case of
the tidal deformability. In a stark contrast, the location
of the topology change density is found to strongly influ-
ence the tidal deformability in the PCM.4
The results for the Λ given by the PCM for n1/2 =
2.6n0 are summarized in Table. I for the range of star
masses involved. Based on the effective mean-field cusp
structure as predicted, we expected Λ to decrease, when
4 This contrasts with other energy density functional models in
which Λ could be varied arbitrarily by fine-tuning parameters
without affecting the basic structure of EoS.
5TABLE I. Dimensional and dimensionless tidal deformability:
λ and Λ
M/M ncent/n0 λ/(1036gcm2s2) Λ/100 R/km
1.12 2.0 4.16 22.5 12.64
1.22 2.1 4.02 14.4 12.69
1.31 2.2 3.86 9.45 12.76
1.40 2.3 3.67 6.44 12.79
1.49 2.4 3.46 4.52 12.83
1.57 2.5 3.26 3.26 12.85
n1/2 is increased to 2.6n0, from ∼ 800 that was found
for n1/2 = 2.0n0. This expectation is confirmed: One
indeed obtains a significant drop in Λ. For 1.4M, we
find Λ ∼ 640 with ncent = 2.3n0. The radius for the
1.4M star comes out to be ∼ 12.8 km.
It is noteworthy for assessing the principal mechanism
in question that the radius for the relevant star mass in
the PCM is insensitive to the location of n1/2, hence to
the cusp structure of the symmetry energy.5
Remarks— It is intriguing that the simple E/A,
Eq. (1), efficiently captures the complex structure of A
& B of Vlowk RG in R-II. It seems remarkable also that
the appearance of the pseudo-conformal sound velocity
v2s ' 1/3 at n ∼> n1/2 as found in the Vlowk RG cal-
culation and confirmed by the pseudo-conformal model
is fully compatible with the observed properties of mas-
sive compact stars. Given that converging to and stay-
ing at v2s = 1/3 is impossible at non-asymptotic density
unless there is a change of degrees of freedom [14], we
are lead to that the half-skyrmions must play the role
of non-hadronic degrees of freedom in the range of den-
sity in which strongly-coupled quarks, such as quarkyonic
phase, are considered to figure [8]. The half-skyrmions in
n > n1/2 are confined by the magnetic monopole, an in-
trinsic property in QCD, hence a potential link to QCD
degrees of freedom [18]. This invites us to conjecture
that the pseudo-conformal sound velocity is a signal in
dense matter both for the emergence of scale symmetry
and local flavor symmetry hidden in QCD [4, 5] and for
the manifestation of a Cheshire Cat phenomenon. This
adds one more to the growing evidence of Cheshire Cat
phenomenon in dense hadronic matter, along with the
superqualitons [19], vortices [20] etc. in the color-flavor-
locked phase.
When the value of Λ is measured with a precision,
it will provide theoretically crucial information on the
topology change density n1/2, a.k.a, the hadron-quark
crossover density. At present there are no known clues,
experimental or theoretical, as to how to locate it pre-
cisely. Should the bound be tightened to a lower value
than ∼ 600 in the future, the PCM will provide a sim-
ple means to probe the range of n1/2 compatible with
the bound. This will be the first impact of neutron-star
physics on nuclear and particle physics in a quantity that
cannot be accessed by reliable theories or experiments.
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